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This paper considers a method for 67Cu isotope production using electron bremsstrahlung by the 68Zn(, p)67Cu
reaction. The facility for 67Cu isotope production contains an electron accelerator, electron-gamma converter and
zinc target. To optimize this facility we developed three-dimensional model of the converter and the target. Using
this model, we performed the mathematical modeling of zinc target irradiation and thermal-hydraulic processes inside
the target for various parameters of the electron beam and converter congurations. For mathematical modeling of
radiation processes we used the MCNPX software. Thermal-hydraulic simulation utilized the commercial SolidWorks
software with Flow Simulation module. Mathematical modeling revealed that ecient 67Cu isotope production needs
smaller beam diameter and higher electron energy. Under these conditions target heat power also increases, thus
additional cooling is necessary. If the beam diameter and the electron energy are xed the most eective method to
satisfy the operating parameters and retain an ecient isotope yield is to optimize photonuclear spectra of the target
by variation of converter thickness. We developed an algorithm for multicriterion optimization and performed the
optimization of the facility with account to coupled radiation and heat transfer processes.
PACS: 24.10Lx, 29.25Rm, 61.80.Ed, 87.53Wz, 87.58Ji
1. INTRODUCTION
During the recent years, technique of the radiophar-
maceuticals production (RPP) using particle acceler-
ators has gained widespread acceptance in medicine
and applied physics [1, 2]. Various designs of con-
verters and targets were developed to optimize the
RPP. The main attention was paid to the radiation
characteristics of bremsstrahlung and also to beam
parameters of the primary particles in order to in-
crease the isotope yield. However, the real-world op-
eration of such facilities faces the bunch of problems
related to the thermohydraulic characteristics of the
target. In some cases overheating caused melting of
the target and no reliable operation RPP facility was
possible. In this case beside the radiation character-
istics one needs to account for the thermal-hydraulic
parameters. Therefore, comprehensive investigation
of radiation and temperature elds using mathemat-
ical modeling to ensure adequate performance is an
urgent task.
Within the framework of this paper we con-
sider the multicriterion optimization of radiation and
thermal-hydraulic characteristics of the facility used
in KIPT for 67Cu isotope production.
2. INITIAL DATA
Our main goal is the isotope yield maximization
under the appropriate target temperature regime
for reliable operation of RPP facility. The KIPT
RPP facility utilizes the linear electron accelera-
tor KUT-30 for isotope production. This facility
has the electron beam energy of 40MeV with beam
current of 250mkA. The beam was assumed to be
Gaussian with FWHM 1cm [3]. Long exposure
period leads to the reasonably high converter in-
duced activity. Thus converter was made of cop-
per because of its environment-friendly characteris-
tics under high irradiation dozes. Fig.1 shows the
modeling scheme of the target and the converter.
Fig.1. Modeling scheme of the target and a
converter
The target is 20 g zinc cylinder placed into the
graphite container sized 20mm30mm, and they
both are placed into aluminum holder consisting
of three pillars 7mm50mm and xed between
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two disks 34mm1mm. This holder is placed in-
side the air cooled aluminum shell 60mm6mm
and 1mm thick. (see Fig.1. Block 3). This as-
sembly is irradiated by bremsstrahlung radiation
from the converter that consists of 9 copper disks60mm1mm with 1mm water cooling channels.
Converter is irradiated by electron beam passing
through the linac output window made of titanium
foil 2( 60mm0.05mm) with 4mm water cooling
channel(Fig.1. Blocks 2 and 1).
3. MODELING OF THE 67Cu
PRODUCTION FACILITY
The RPP facilities[1, 2] have tantalum
bremsstrahlung converter. Other widely used ma-
terials for electron converters are copper, lead and
tungsten. During our simulation we compared the
yield of 67Cu for all the above materials. For the
correct comparison of 67Cu isotope yield in all cases
mass thickness was 8.064 g/cm2, which corresponds
to 9mm thick copper converter. Fig.2 represents
the 67Cu isotope yield for copper, lead, tungsten
and tantalum converters. Copper has a predictable
lower yield compared to tantalum (up to 30%) due
to lower atomic number. However, for the converters
with increased thickness one can expect the smaller
yield dierence due to the self-absorption eect.
In this case copper converter is preferable because
of environmental safety and easier manufacturing.
Fig.2. Yields of production of 67Cu for various
converter materials
Eciency of the 67Cu production depends on cross
section of 68Zn(,p)67Cu reaction. Thus the main
radiation characteristics aecting the isotope yield
are the energy of primary electrons and ux den-
sity, which in turn depends on the average current
and the beam prole. We have calculated the cor-
responding dependencies of the target activity for
various electron energies and the beam proles of
the electron beam by Monte-Carlo simulation using
MCNP software. Fig.3 shows the calculated zinc
target activity versus the the incident electron beam
energy. The reaction 68Zn(,p)67Cu has a 9.99MeV
threshold. Thus the eventual yield of 67Cu isotope de-
pends on the bremsstrahlung spectra, which in turn
is dened by the incident electron energy spectra.
Fig.3. Activity of the zinc target
For the beam prole with larger FWHM we have
smaller ratio of high energy electrons and the iso-
tope yield decreases. Fig.4 shows the calculated
target activity for 40 MeV beam with gaussian
prole versus beam diameter (dened at FWHM).
Fig.4. The target activity at 40 MeV
4. OPTIMIZATION OF THE 67Cu
PRODUCTION FACILITY
The results of modeling enable us to formulate the
basic optimization criteria for ecient production
of 67Cu isotope. From one hand, one should pro-
vide the maximum energy of the electron beam and
maximum ux density of bremsstrahlung. The later
could be performed by tuning the thickness of the
bremsstrahlung converter, the average current and
the electron beam diameter. From the other hand
under these conditions we obtain considerably high
heat production in the converter, which puts forward
the problem of ecient cooling. To solve the prob-
lem we need multivariate optimization procedure that
accounts for coupled physical processes of radiation
transport, heat transfer and hydrodynamics. In the
previous paper [4] we have developed an approach to
cope with such a problem. Fig.5 presents the concep-
tual diagram of the proposed approach.
The starting point of our consideration was
Monte-Carlo simulation of radiation processes
in the converter and target. This simula-
tion used the previously developed model (see
Fig.1), but with variable number of copper disks.
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Fig.5. Conceptual diagram of the multivariate
optimization
This way we studied the inuence of converter thick-
ness on the 67Cu isotope production and energy
deposition in the target. The number of disks varied
from zero (no converter) to fteen disks.
Speaking about the energy deposition in
the zinc target one can distinguish two main
components of this eect: energy deposition
due to bremsstrahlung radiation from converter
and deposition by the electrons that passed
through converter. These electrons have high en-
ergy and produce bremsstrahlung radiation that
also contribute to the 67Cu isotope production.
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Fig.6. Target energy deposition
Our calculations showed that for limiting case of
zero-thickness converter about 36% of beam power is
deposited in the target. In this case zinc target in fact
acts both as converter and isotope production tar-
get. Due to almost similar atomic numbers for copper
and zinc (29 and 30, respectively) the bremsstrahlung
conversion in the target provides high gamma ux.
Self-absorption of the radiation in the target results in
increased 67Cu yield, but at the same time it results
in high target heat deposition of 3600 W and conse-
quent target overheating. Fig.6 shows the ratio of tar-
get energy deposition due to bremsstrahlung gamma
radiation and beam electrons, and Fig.7 shows the
67Cu yield ratio due to these two factors. The small
amount of bremsstrahlung photons for zero-thickness
converter emerges through the electron conversion on
the target construction elements. From the Fig.7 one
can see that thick converter reduces 67Cu yield from
the gamma radiation generated inside the target and
for nine disks it becomes negligible while the energy
deposition from the beam electrons is still noticeable.
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Fig.7. 67Cu isotope production rate
The physical reason for this situation is presence
of 9.99 MeV threshold for 68Zn(,p)67Cu reaction.
Thick converter reduces the ratio of electrons with
energies above the threshold that reach the target,
while low energy electrons do not contribute to 67Cu
production. This consideration shows that optimal
balance between isotope yield and heat deposition
corresponds to the converter containing nine cop-
per disks. Thus we used this conguration for the
further analysis. Fig.8 shows the distribution of
the deposition energy among the disks of the con-
verter with 9 disks during the irradiation. This
distribution provides the initial data for the simu-
lation of heat transfer processes of the cooling sys-
tem. From the gure one can see that disk 8 has
the maximum heal load and thus dene the up-
per bound of the converter working temperature.
Fig.8. The energy deposition in the disks of copper
converter during irradiation
According to the algorithm described above (see
Fig.5), the next step was simulation of the thermal
processes for converter with a water cooling system
and target with an air cooling system. Using the
SolidWorks software we developed a solid model of
the both systems which was used for further sim-
ulation using SolidWorks Flow Simulation module.
During simulation we assumed that electron acceler-
ator operates in pulse mode with 3.5 ms pulse length
and 150 Hz frequency. Using the results of the pre-
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vious simulation of radiation processes we calculated
the corresponding heat powers that are released in
converter and target.
Fig.9,a represents a solid model of converter and
cooling system, and Fig.9,b shows the results of the
ow simulation for this system.
As we have have stated above, the disk 8 has the
most critical temperature regime. Fig.10 shows the
temperature distribution for this disk. One can see
that water cooling provides the working temperatures
in the central zone of the converter below the melting
temperature.
a) Solid model b) Temperature distribution and ow trajectory
Fig.9. Solid model of a water cooling system of the converter and the temperature distribution of
water under cooling
Fig.10. Temperature distribution for disk 8
The problem of appropriate cooling system arises for
the zinc target. During the irradiation the target
gains the high induced activity, and thus the neces-
sary radiation safety must be provided. The present
RPP facility uses the air tube for irradiated target
transportation to the hot chamber for the subsequent
decontamination. Implementation of the water cool-
ing compatible with this transportation system is ex-
tremely dicult, so air cooling is the only acceptable
option. At present time air cooling system utilizes
the air compressor with about 300 l/min output.
This output is insucient because we had observed
zinc target melting and aluminum shell burn-out.
Thus we are planning to improve the cooling system
by the powerful compressor with 1200 l/min output.
To appraise the cooling eciency of such compressor
we performed the numerical simulation of heat ex-
change processes in the target cooling system. Fig.11
shows the solid model used during the simulation.
Fig.11. Solid model of the target cooling system
As we have stated above 9-disk converter provides
the optimal balance between isotope yield and the
target energy deposition. From the Fig.6 one can see
that for 250 mkA current and 9-disk converter heat
deposition in the target is 895 W. It follows from the
simulation that the maximum target temperature is
about 705 °C, while the zinc melting temperature
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is 419.58 °C. Obviously, under this conditions one
gets target overheating with consequent melting and
burning-out. The simplest way to mitigate the heat
load is to reduce the average beam current. For
100 mkA the target energy deposition is only 360 W,
and the simulation gives the maximum temperature
about 410 °C, which is below the zinc melting tem-
perature. But this simple approach has a signicant
drawback: 67Cu yield considerably decreases to the
value of about 23 mCi/day/20g.
Another way to reduce the energy deposition
maintaining the acceptable 67Cu production rate is
spectrum moderation. The aim of spectrum moder-
ation is to considerably decrease the ratio of electron
energy deposition in the target. As we have dis-
cussed in the section 4, the low energy electrons
does not contribute to 67Cu production but result
only in additional target heating. From the Fig-
ure 6 one can see that the ecient way to achieve
this is to increase the number of disks in con-
verter. Moreover, if we consider the 67Cu yield
versus the number of disks, we can see that en-
ergy deposition descends faster than isotope yield
(Fig.12). Thus, increasing number of disks could
provide the appropriate temperature regime even
for 250mkA beam current. The results of simula-
tion for the system with 14-disk converter prove this
suggestion. Table contains the results of simula-
tion for 9-disk converter and and 14-disk converter.
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Fig.12. Activity and deposit energy of the target
For 14-disk converter we have target temperature
369 °C compared to 705 °C for 9-disk system, while
67Cu yield is signicantly higher: 40 mCi/day versus
23 mCi/day. Fig.13 shows simulation results for tem-
perature distribution of the target cooling system for
14-disk converter.
Activity and temperature of the target
Beam
current,
mkA
Number
of disks
Target
activity,
mCi/day
Maximum
temperature of
the target, °C
250 9 58 705
100 9 23 410
250 14 40 369
Fig.13. Temperature distribution of the target
cooling system for 14-disk converter
5.CONCLUSIONS
During our comprehensive analysis of the 67Cu iso-
tope production we used coupled simulation of radia-
tion processes and heat transfer processes to optimize
the parameters of isotope production facility. We
have shown copper to be the appropriate material for
electron-gamma converter with somewhat lower 67Cu
yield compared to lead or tantalum but with signi-
cantly better thermal-hydraulic parameters and lower
values of the radiation-induced activity.
Our analysis also revealed that only thick 14-disk
converter provide acceptable temperature conditions
for the isotope production target. In this case we
achieve the reasonable balance between the isotope
yield rate and heat output in the target, and con-
ventional air compressor with 1200 l/s is capable to
ensure the reliable air cooling. The further increas-
ing of the air pumping output does not considerably
improve the cooling eciency, thus prohibiting the
usage of thick converter with higher isotope yield or
higher beam current. One can improve the tempera-
ture conditions by implementing the additional cool-
ing elements for the target system such as air radia-
tors, wings, etc.
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ÌÀÒÅÌÀÒÈ×ÅÑÊÎÅ ÌÎÄÅËÈÐÎÂÀÍÈÅ È ÌÍÎÃÎÊÐÈÒÅÐÈÀËÜÍÀß
ÎÏÒÈÌÈÇÀÖÈß ÓÑÒÀÍÎÂÊÈ ÄËß ÔÎÒÎßÄÅÐÍÎÉ ÍÀÐÀÁÎÒÊÈ
ÈÇÎÒÎÏÀ 67Cu
Í.Ï.Äèêèé, Å.Â.Ðóäû÷åâ, Ä.Â.Ôåäîð÷åíêî, Ì.À.Õàæìóðàäîâ
Ðàññìàòðèâàåòñÿ ñïîñîá ïîëó÷åíèÿ èçîòîïà 67Cu ñ èñïîëüçîâàíèåì òîðìîçíîãî èçëó÷åíèÿ ýëåêòðî-
íîâ, ãäå èçîòîï 67Cu îáðàçóåòñÿ âñëåäñòâèå ðåàêöèè 68Zn(,p)67Cu . Óñòàíîâêà äëÿ íàðàáîòêè èçîòîïà
67Cu ñîäåðæèò óñêîðèòåëü ýëåêòðîíîâ, êîíâåðòåð äëÿ ïîëó÷åíèÿ òîðìîçíîãî èçëó÷åíèÿ è öèíêîâóþ
ìèøåíü. Äëÿ îïòèìèçàöèè ïàðàìåòðîâ óñòàíîâêè ðàçðàáîòàíà òðåõìåðíàÿ ìîäåëü êîíâåðòåðà è ìèøå-
íè. Ñ èñïîëüçîâàíèåì äàííîé ìîäåëè ïðîâåäåíî ìàòåìàòè÷åñêîå ìîäåëèðîâàíèå ïðîöåññà îáëó÷åíèÿ
è òåðìîãèäðàâëè÷åñêèõ ïðîöåññîâ öèíêîâîé ìèøåíè äëÿ ðàçëè÷íûõ ïàðàìåòðîâ ïó÷êà ýëåêòðîíîâ è
êîíôèãóðàöèè êîíâåðòåðà. Ìàòåìàòè÷åñêîå ìîäåëèðîâàíèå ðàäèàöèîííûõ õàðàêòåðèñòèê îñóùåñòâëÿ-
ëîñü ñ ïîìîùüþ ïðîãðàììíîãî êîìïëåêñà MCNPX. Ìîäåëèðîâàíèå òåðìîãèäðàâëè÷åñêèõ ïàðàìåòðîâ
îñóùåñòâëÿëîñü ïðè ïîìîùè ìåòîäîâ âû÷èñëèòåëüíîé ãèäðîäèíàìèêè è ìåòîäîâ êîíå÷íûõ ýëåìåíòîâ.
Ïðè ïîìîùè ìàòåìàòè÷åñêîãî ìîäåëèðîâàíèÿ ïîêàçàíî, ÷òî äëÿ ïîâûøåíèÿ ýôôåêòèâíîñòè îáðàçî-
âàíèÿ èçîòîïà 67Cu ñëåäóåò óìåíüøàòü äèàìåòð ïó÷êà è óâåëè÷èâàòü åãî ýíåðãèþ. Ïðè ýòîì òàêæå
óâåëè÷èâàåòñÿ ýíåðãîâûäåëåíèå â ìèøåíè, ÷òî òðåáóåò äîïîëíèòåëüíûõ ìåð ïî åå îõëàæäåíèþ. Ïðè
ôèêñèðîâàííûõ çíà÷åíèÿõ äèàìåòðà ïó÷êà è ýíåðãèè ýëåêòðîíîâ ïîêàçàíî, ÷òî äëÿ ñîõðàíåíèÿ ýêñïëó-
àòàöèîííûõ ïàðàìåòðîâ è ïîëó÷åíèÿ ýôôåêòèâíîé íàðàáîòêè èçîòîïà, íàèáîëåå ýôôåêòèâíûì ìåòî-
äîì ÿâëÿåòñÿ îïòèìèçàöèÿ ôîòîÿäåðíîãî ñïåêòðà íà ìèøåíè çà ñ÷åò èçìåíåíèÿ òîëùèíû êîíâåðòåðà.
Ðàçðàáîòàí àëãîðèòì ìíîãîêðèòåðèàëüíîé îïòèìèçàöèè è ïðîâåäåíà îïòèìèçàöèÿ óñòàíîâêè ñ ó÷åòîì
ðàäèàöèîííûõ è òåðìîãèäðàâëè÷åñêèõ ïàðàìåòðîâ.
ÌÀÒÅÌÀÒÈ×ÍÅ ÌÎÄÅËÞÂÀÍÍß ÒÀ ÁÀÃÀÒÎÊÐÈÒÅÐIÀËÜÍÀ ÎÏÒÈÌIÇÀÖIß
ÓÑÒÀÍÎÂÊÈ ÄËß ÔÎÒÎßÄÅÐÍÎÃÎ ÍÀÏÐÀÖÞÂÀÍÍß IÇÎÒÎÏÓ 67Cu
Ì.Ï.Äèêèé, .Â.Ðóäè÷åâ, Ä.Â.Ôåäîð÷åíêî, Ì.À.Õàæìóðàäîâ
Ðîçãëÿäà¹òüñÿ ñïîñiá îòðèìàííÿ içîòîïó 67Cu ç âèêîðèñòàííÿì ãàëüìiâíîãî âèïðîìiíþâàííÿ åëåê-
òðîíiâ, äå içîòîï 67Cu óòâîðþ¹òüñÿ âíàñëiäîê ðåàêöi¨ 68Zn (,p) 67Cu. Óñòàíîâêà äëÿ íàïðàöþâàííÿ
içîòîïó 67Cu ìiñòèòü ïðèñêîðþâà÷ åëåêòðîíiâ, êîíâåðòåð äëÿ îòðèìàííÿ ãàëüìiâíîãî âèïðîìiíþâàííÿ
òà öèíêîâó ìiøåíü. Äëÿ îïòèìiçàöi¨ ïàðàìåòðiâ óñòàíîâêè ðîçðîáëåíà òðèâèìiðíà ìîäåëü êîíâåðòåðà
i ìiøåíi. Ç âèêîðèñòàííÿì äàíî¨ ìîäåëi ïðîâåäåíî ìàòåìàòè÷íå ìîäåëþâàííÿ ïðîöåñó îïðîìiíåííÿ i
òåðìîãiäðàâëi÷íèõ ïðîöåñiâ öèíêîâî¨ ìiøåíi äëÿ ðiçíèõ ïàðàìåòðiâ ïó÷êà åëåêòðîíiâ òà êîíôiãóðà-
öi¨ êîíâåðòåðà. Ìàòåìàòè÷íå ìîäåëþâàííÿ ðàäiàöiéíèõ õàðàêòåðèñòèê çäiéñíþâàëîñÿ çà äîïîìîãîþ
ïðîãðàìíîãî êîìïëåêñó MCNPX. Ìîäåëþâàííÿ òåðìîãiäðàâëi÷íèõ ïàðàìåòðiâ çäiéñíþâàëîñÿ çà äîïî-
ìîãîþ ìåòîäiâ îá÷èñëþâàëüíî¨ ãiäðîäèíàìiêè òà ìåòîäiâ êiíöåâèõ åëåìåíòiâ. Çà äîïîìîãîþ ìàòåìà-
òè÷íîãî ìîäåëþâàííÿ ïîêàçàíî, ùî äëÿ ïiäâèùåííÿ åôåêòèâíîñòi óòâîðåííÿ içîòîïó 67 Cu ïîòðiáíî
çìåíøóâàòè äiàìåòð ïó÷êà òà çáiëüøóâàòè éîãî åíåðãiþ. Ïðè öüîìó òàêîæ çáiëüøó¹òüñÿ åíåðãîâèäiëåí-
íÿ ó ìiøåíi, ùî âèìàãà¹ äîäàòêîâèõ çàõîäiâ ïî ¨¨ îõîëîäæåííþ. Ïðè ôiêñîâàíèõ çíà÷åííÿõ äiàìåòðà
ïó÷êà òà åíåðãi¨ åëåêòðîíiâ ïîêàçàíî, ùî äëÿ çáåðåæåííÿ åêñïëóàòàöiéíèõ ïàðàìåòðiâ òà îäåðæàííÿ
åôåêòèâíîãî íàïðàöþâàííÿ içîòîïó íàéáiëüø åôåêòèâíèì ìåòîäîì ¹ îïòèìiçàöiÿ ôîòîÿäåðíîãî ñïåê-
òðó íà ìiøåíi çà ðàõóíîê çìiíåííÿ òîâùèíè êîíâåðòåðà. Ðîçðîáëåíî àëãîðèòì áàãàòîêðèòåðiàëüíî¨
îïòèìiçàöi¨ òà ïðîâåäåíà îïòèìiçàöiÿ óñòàíîâêè ç óðàõóâàííÿì ðàäiàöiéíèõ i òåðìîãiäðàâëi÷íèõ ïàðà-
ìåòðiâ.
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